OLigomycin inhibited the membrane-bound, Ca+-dependent ATPase of pea (Pisum sativwm var. Progress No. 9) chloroplasts up to 50%, but only after treating the membranes with trypsin, whether or not the trypsin step was needed for full activty. The energy-linked Meg-dependent (lht-and dithiothreltol (DTl)-activated) ATPase of pea thylakoids could be inhibited up to 100% under specified conditions. The data indicate that oligomycin does not The degree of sensitivity to oligomycin is found to be variable in pea chloroplasts, as in other systems. In yeast mitochondria, for instance, the sensitivity af ATPase to oligomycin showed marked variations during the cell cycle (16, 27), and catabolite derepression of Saccharomyces pombe increased sensitivity 6-fold. Differences in sensitivity of yeast mitochondrial ATPase to oligomycin arose from different sources of enzyme, lipids associated with the complex, methods of purification, and genetic modification in work by Criddle and others (12, 23, 34, 36) . The affinity for oligomycin was also changed by chemical modification of the enzyme (21).
growth conditions, the inhibition was modulated by a number of parameters during chloroplast activation or ATPase assay. Preincubation in high concentrations of KCI diminished ollgomycin sensitivity, and this effect was reversed by valinomycin. The greatest sensitivity, as well as the highest ATPase rates, occurred only if thylakoids were activated by light and DTT at a relatively high temperature (35 to 40°C) . Controlling the levels of uncouplers and running the reaction in darkness rather than in the light, both of which diminished the degree of membrane energization, increased the sensitivity to oligomycin. It is possible that accessibility of the oligomycin binding site is diminished by membrane energization. These results are contrasted with those from studies of variability in sensitivity of yeast mitochondria to oligomycin. the enzyme. Rat liver and beef heart mitochondria are most sensitive with 50%o inhibition occurring at 0.1 to 0.5 jig oligomycin per mg protein (8, 39) ; on the other end of the spectrum, as much as 10 .0 jig oligomycin per mg protein is needed for 50o inhibition of some yeast mitochondrial ATPases (21, 27) .
The analogous membrane-bound ATPase of chloroplasts was believed to be insensitive to this antibiotic. Baltscheffsky (5) observed that photophosphorylation in spinach chloroplasts was inhibited 20%o in the presence of 3.5 ,ug oligomycin per mg protein, and this was considered negligible. Similar results were reported by others (3, 40) . However, in the present work, we have defined conditions under which pea chloroplast ATPase shows a considerably greater degree of inhibition: 50%o of photophosphorylation and up to 97% of the light-and DTT-induced, Mg2+-dependent ATPase activity are inhibited in the presence of 5.0 to 10.0 jig oligomycin per ml. The concentrations needed for these inhibitions are much higher than those used with the most sensitive mitochondrial enzymes but no more than those effective with yeast mitochondria. Our results confirm and extend observations made by Li et al. (25, 41) , which came to our attention during preparation of this manuscript.
The degree of sensitivity to oligomycin is found to be variable in pea chloroplasts, as in other systems. In yeast mitochondria, for instance, the sensitivity af ATPase to oligomycin showed marked variations during the cell cycle (16, 27) , and catabolite derepression of Saccharomyces pombe increased sensitivity 6-fold. Differences in sensitivity of yeast mitochondrial ATPase to oligomycin arose from different sources of enzyme, lipids associated with the complex, methods of purification, and genetic modification in work by Criddle and others (12, 23, 34, 36) . The affinity for oligomycin was also changed by chemical modification of the enzyme (21) .
In our present work, we found that pea thylakoid ATPase sensitivity to oligomycin was under a primary control resulting from growth of the plants under specified RH. The degree of inhibition was also affected by the temperature during activation of ATPase in the isolated chloroplasts, by pretreatment with K+ ions, and by the extent of membrane energization.
MATERIALS AND METHODS
The proton-translocating membrane-bound ATPase systems of mitochondria (24) and of photosynthetic bacteria (6, 15) The remarkable sensitivity of pea thylakoid-bound CF1 to both activation and inhibition by trypsin, compared to the lack of sensitivity of CF1 on spinach thylakoids, is shown in Figure 2 . This experiment also illustrates the fact that the membrane-bound pea CF1 Ca2+-ATPase was not inhibited by oligomycin until after treatment with trypsin. Once trypsin has been used, the inhibition by 6 ,ug/ml oligomycin ranged from 25 to 50% in numerous experiments. The degree of inhibition reached a maximum at 6 ,ug oligomycin per ml (i.e. 18 ,ug/mg protein) (Fig. 3) after the chloroplast were pretreated with trypsin at 5 tsg/ml. The potentiating effect of trypsin reached a maximum at 5 ,ug trypsin per ml in the activation stage (data not shown); at no time did oligomycin inhibit untreated thylakoid Ca2+-ATPase. At higher concentrations of trypsin, the ATPase was inhibited considerably (Fig. 1,) but the sensitivity to oligomycin did not increase further. To guard against the possibility that we were measureing sensitivity to oligomycin of contaminating mitochondrial ATPase, thylakoids were purified on sucrose density gradients (30) to remove mitochondria more rigorously, and similar results were obtained.
After solubilization at low ionic strength, the ATPase of CF1 was not inhibited by oligomycin, whether activated by trypsin (26) , DTT (29) , or heat (18).
Photophosphorylation. Photophosphorylation was also sensitive to oligomycin. Before trypsin treatment, inhibition reached 32% (Table I) at an oligomycin concentration of 6 ,ug/ml (18 ,ug/mg protein). Under the same conditions, photophosphorylation by spinach thylakoids was inhibited 20%, in good agreement with results reported originally by Baltscheffsky (5). However, if pea thylakoids were pretreated for 10 min at 25°C with 2 jig trypsin per ml, although the phosphorylation rates decreased about 20%, the maximum inhibition by oligomycin reached 53% (Table I ). Pretreatment of the thylakoid membranes with DTT (10 mM) did not affect phosphorylation rates but increased oligomycin inhibition of photophosphorylation to a maximum of 50%.
To investigate further the nature of inhibition by oligomycin, measurements were made of its effect on photoreduction of ferricyanide and the accompanying esterification of 32Pi (Fig. 4) . Inhibition of ATP synthesis was somewhat more sensitive than the simultaneous electron transport rate in the presence of ADP and Pi, leading to a drop in the P/e2 ratio from 0.96 in the controls to 0.70 at the high concentration of 10 ,ug oligomycin per ml. In several other experiments, phosphorylation rates were inhibited between 18 and 28% more than were the rates of coupled electron transport (data not shown). Oligomycin also inhibited electron transport per se, in the uncoupled Hill reaction with 3 uM gramicidin present, to a maximum of 28% (Fig. 4) . If the same degree of electron flow inhibition occurred under coupled conditions, it might have made the calculated P/e2 ratio too high. However, at least for the Mg2+-dependent ATPase, it was found that oligomycin was a more effective inhibitor and may have had its binding sites more accessible, under slightly uncoupled conditions, than when the membranes were highly energized (see below). Thus, it is not at all certain that the 28% inhibition of electron transport seen with uncoupler present applied quantitatively to the electron flow supporting photophosphorylation.
A role as energy transfer inhibitor can be inferred from the fact that oligomycin inhibited phosphorylation and its accompanying electron flow more severely (up to 45%) than it did the uncoupled electron flow (28%) (Fig. 4) . To the extent that the inhibition of uncoupled electron flow reflected tighter binding of oligomycin than under coupled conditions, the energy transfer inhibition may have been even stronger than that indicated.
There was no apparent effect of oligomycin on basal electron transport (as would be expected from a simple energy transfer inhibitor). In this case, the uncoupling effect and the inhibition of electron transport might have been in fortuitous balance.
Membrane-Bound ATPase. The final, and most oligomycinsensitive, activity was the proton-pumping, membrane-bound, light-and DTT-activated Mg2+-dependent ATPase. This ATPase was inhibited 78% by oligomycin (6 ,ug/ml or 18 jig/mg protein) in the experiment show in Figure 3 , and inhibition was virtually complete by 12 jig oligomycin per ml. In six repetitions of this experiment during the summer months, the degree of inhibition varied between 53 and 78% when using the standard concentration of 6 ,ug oligomycin per ml; in only one other experiment was the inhibition 13%. Chloroplast preparations purified on sucrose gradients (31) RH) resulted in decreased sensitivity (Fig. 5) . The results shown in Figure 5 were compiled over a 6-month period, and, although the RH did not affect the activity of the Mg2+*ATPase, its effect on oligomycin sensitivity proved to be very reproducible. This finding explains the earlier seasonal variation, since the RH in heated buildings in the wintertime in Ithaca is on the order of 20%o, and thylakoids from plants grown under this condition were completely insensitive to oligomycin.
The length of time of incubation at designated RH needed to change oligomycin sensitivity has not yet been investigated sys- tematically. Figure 5 includes points from winter plants (grown at 20%) incubated at 50% RH for 17 h and from summer plants incubated at 20% RH for 17 h. Thus, the overnight period is sufficient to change the response to oligomycin. We also observed that the harvesting techniques played a critical role in the reproducibility of the results. When plants were homogenized less than 1 min after removal from the constant RH chamber, we found less variation in the oligomycin sensitivity. After homogenization, oligomycin sensitivity appeared stable, and results did not vary depending on the length of storage time of the chloroplasts.
Effect of pH on Sensitivity to Oligomycin. The Mg2+-ATPase had a moderately sharp optimum at 7.5. Rates with oligomycin were depressed throughout the range from pH 7 to pH 8.3, with somewhat less inhibition at pH 8.5 and 9.0 (Fig. 6) . These results contrast with the high sensitivity to pH of oligomycin inhibition in the case of yeast mitochondria (21) .
Effect of the Preincubation Temperature. Activation of the Mg2+-dependent ATPase by light and DTT was conducted at different temperatures, and the resulting enzyme activity showed different sensitivities to oligomycin (Fig. 7) . In all cases, ATP hydrolysis was measured at 25°C. Without oligomycin the peak of activity was reached after activation at 35°C, and these rates were 3.5 times faster than were those obtained after activation at 25°C. In the presence of oligomycin, the optimum for activation occurred at 30°C. Thus, the inhibition by oligomycin was less than 30% at temperatures below 25°C but rose rapidly to 80% at 40°C (Fig. 7B ). Since the peak for activation of the ATPase was 35°C, this temperature was used routinely.
Effect of Uncouplers. Low concentrations of uncouplers stimulate the Mg2+-ATPase of pea thylakoid membranes (Fig. 8 ) just as they do those of spinach or lettuce (20) . While the stimulation was usually 2-to 3-fold, it was larger in the experiment shown in Figure 8 . Gramicidin similarly increased the rate of ATPase (Fig.  9) . These uncoupler-stimulated ATPase rates were inhibited more by oligomycin than were the reactions lacking uncoupler. In the case of NH4Cl, the addition of 10 ,tg/ml oligomycin abolished completely the stimulation of ATPase by uncoupler (Fig. 8) .
Sensitivity of the Mg2+-ATPase to low concentrations of oligomycin was enhanced strikingly by the presence of an uncoupler. In one experiment with 3 ,UM gramicidin present, inhibition by 0.01, 0.10, and 1.0 i,g/ml oligomycin amounted to 19, 30, and 38% respectively. None of these concentrations inhibited control chloroplasts lacking the uncoupler. Only at 5 ,ug oligomycin per ml, the control activity was inhibited 44% (and that with gramicidin (Table  III) . It is apparent that the ATPase is faster in the dark than it is in the light, unless gramicidin is added. This rate differential was not due to rephosphorylation of released 32Pi, since it was also seen when 10 mm Pi was added to dilute out the pool of 32p available for phosphorylation. The sensitivity to oligomycin was much greater in the dark than it was in the light, and no inhibition can be seen unless gramicidin is present for the reaction in the light. This is not true for the ATPase occurring in darkness. The gramicidin dependency of ATPase oligomycin sensitivity in illuminated chloroplasts is shown in Figure 9 . There was no sensitivity to 5 jig/ml oligomycin without gramicidin (data point not on the graph), but 20% inhibition occurred at 0.003 AM enhanced the response to oligomycin (Table IV) . However, the valinomycin effect was not prevented by having external KCI at 50 mm, so a transmembrane K+ gradient cannot be assigned a primary role at this point. Also, 3 ,UM valinomycin, by itself, with nonpreincubated thylakoids, increased the extent of oligomycin inhibition (from 71 to 92% in a typical experiment).
DISCUSSION
The ATPase of pea chloroplast CF1 is activated by about the same concentration of trypsin when it is membrane-bound ( 2) as after it is solubilized (Fig. 1) . This is an interesting contrast to spinach chloroplast CF1, which needs about 10 times higher trypsin concentration for adequate activation when it is on the membrane (Fig. 2 ) than when it is solubilized. The fact that solubilized pea CF1 has fully active Ca2+-dependent ATPase in the summer months ( Fig. 1 ) might have been due to its unusual sensitivity to an endogenous protease. However, the membranebound pea ATPases (Ca2+-dependent and trypsin-activated, and
Mg2+-dependent and light-and DTT-activated; see Table III) are not fully expressed until after an activation process, even during the summer months. The Ca2+-ATPase of the membranes (a relatively weak activity) was 15 to 50% active, and the Mg2+-ATPase of the membranes was only 8% active, in untreated thylakoids. Thus, alternative explanations must be found for the 100%o activity of solubilized pea CF1 during summer months. Further exploration of these winter-summer differences and comparison to spinach chloroplast CF1 may contribute to a better understanding of the activation process. The data presented in this paper show that photophosphorylation and thylakoid ATPase can be inhibited significantly by oligomycin. Pea chloroplasts are intrinsically a little more sensitive than are spinach thylakoid membranes (5) , and the extent of inhibition is increased by pretreating the membranes with trypsin or with DTT (Table I) . With these pretreatments, photophosphorylation and the membrane-bound Ca2+-dependent ATPase can be inhibited up to 50%o by oligomycin. Artifacts due to contaminating mitochondria can be ruled out, since sucrose gradient-purified thylakoid membranes (30) had the same responses to oligomycin; and both the light-dependent ATP synthesis and light-triggered Mg2+-ATPase (clearly chloroplast reactions) are inhibited significantly by oligomycin.
Although the membrane-bound Ca2 -ATPase was active without trypsin, inhibition by oligomycin was completely dependent on prior treatment with trypsin. Similarly, photophosphorylation inhibition was increased from 30%o before to 50%o after trypsin treatment. This suggests that the oligomycin binding site in chloroplasts may be partly obscured by a shielding protein, at least somewhat trypsin-digestible. Preincubation of chloroplasts with DTT (Table I) also increased oligomycin sensitivity, perhaps due to a conformation change in CF1 caused by the highly reducing conditions which can also activate ATPase (29) .
It was tempting initially to ascribe the inhibition of photophosphorylation by oligomycin to an inhibition of the proton channel as in mitochondria (8) . Although some of the electron transport data (Fig. 4) Figs. 8 and 9 ; Table III) varies with the degree of membrane energization, and this factor might affect its other functions as well. These complications may be the cause of our failure to see oligomycin inhibition of H+ leakage from illuminated chloroplasts put into the dark (data not shown).
A further reason for putting at least one action of oligomycin at a site other than blockage of proton pumping is its inhibition of the membrane-bound, trypsin-activated, Ca2+-dependent ATPase. Table V summarizes characteristics of the ATPase activities examined in thylakoids; the membrane-bound Ca2+-ATPase is not associated with proton pumping, and its rate is not stimulated by uncouplers. Thus, oligomycin inhibits, in this case, a scalar reaction. Nevertheless, some association of CF1 with the membranes is required for oligomycin inhibition, since it had no effect on the solubilized enzyme (Table V) .
The Mg2+-dependent ATPase was the most sensitive function examined, with inhibitions reaching nearly 100%1o at 20 ,ug oligomycin per ml and 6 pg/ml causing inhibitions from 50 to 80%. This ATPase can be thought of as a poised enzyme system, requiring the high energy state of the membrane both for original activation and for maintenance of activity (the protons pumped inward during ATP hydrolysis are necessary for continuing ATP hydrolysis). However, oligomycin does not inhibit the activation process (Table II) , and its inhibition cannot be ascribed to uncoupling, because control rates are stimulated a great deal by controlled addition of uncouplers (Figs. 8 and 9 ). Also, under proper conditions, inhibition by oligomycin appears at concentrations too low (ie. 0.03 to 1.0 jig/ml) for it to have an uncoupling effect (Fig.  4) . The reason for much greater sensitivity of the Mg2+-ATPase than of other chloroplast functions, thus, is not known.
To compare the sensitivity of pea chloroplasts with that of other membrane-bound ATPases, values of I5o (the amount of oligomycin in pg/mg protein needed for 50%1o inhibition) were compiled from published data with various mitochondrial and chromatophore ATPases (Table VI) . In the case of chromatophores and chloroplasts, only Chl levels were measured. For Table VI The strong degree of oligomycin inhibition of the Mg2+-ATPase permitted exploration of parameters that modify its effectiveness. The failure to see any inhibition in the winter months was traced to the low RH during the period of plant growth no more than 18 h prior to harvest (Fig. 5) . The molecular basis for this effect remains to be explored. However, it will be of interest to see whether some previously reported cases of seasonal variation in the response of isolated chloroplasts to inhibitors (32) or activators (33) have a similar basis.
Once chloroplasts are obtained from plants at a "permissive" RH, other parameters during the ATPase reaction affect the amount of inhibition by oligomycin quite strongly. A relatively high temperature during activation by light and DTT favors oligomycin sensitivity (Fig. 7) . Internal K+ (but not Na+) ions decreased sensitivity to oligomycin, and this effect was reversed by valinomycin (Table IV) . Our results with pea thylakoids seem to be the opposite of those found by Johnson et al. (22), using yeast mitochondria, where external KCI increased ATPase sensitivity to oligomycin. Also, valinomycin increases the sensitivity of pea thylakoids, while, with yeast mitochondria, valinomycin decreased sensitivity to oligomycin.
A final controlling factor for oligomycin sensitivity may be the degree of membrane energization. This can be inferred from the loss of oligomycin sensitivity when Mg2+-ATPase operates in the light (Table III) and increases due either to controlled addition of uncouplers (Figs. 8 and 9) or to running the reaction in darkness (Table III) . In the latter case, ATP hydrolysis causes some membrane energization but not enough to prevent oligomycin inhibition. Even in darkness, the addition of gramicidin was stimulatory. Presumably, the ATPase complex undergoes conformational shifts at different levels of energization, leading to greater or lesser exposure of the oligiomycin binding site (or, perhaps, to variations in affinity of the site for oligomycin).
If we ascribe differential sensitivity to oligomycin to different conformational states of the system, it is clear that two different resistant configurations can be obtained. The parameters functioning in activation or reaction mixtures can modulate the degree of inhibition, presumably causing formation of greater or lesser proportions of a resistant configuration. However, they are never able to restore sensitivity to chloroplasts taken from the 20o RHgrown plants, which must, therefore, be in a different, completely intractable, configuration.
The effects of membrane energization differ radically from those seen with the yeast mitochondrial ATPase, in which oligomycin was shown to interact preferentially with energized membranes (8, 17, 21, 35) . Bertina et al. (8) proposed that two conformations of the oligomycin-sensitive site existed and that oligomycin specifically bound to the conformation that was involved in the induction of respiratory control. In chloroplasts, even though the high energy state of the thylakoid membranes affects oligomycin sensitivity and the thylakoid ATPase has been shown to go through one or more conformational changes during membrane energization (Ref. 20 , review) it is not certain if these conformational changes are responsible for the modulation of oligomycin sensitivity. Furthermore, in view of the opposing results reported in mitochondria and chloroplasts, it remains to be determined whether the site of action of the antibiotic is altogether different in the two systems. In any event, it is clear that chloroplasts should no longer be considered to be completely insensitive to oligomycin.
